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IV. INTRODXKCTION

Upon reentry into the atmosphere of the earth of any other planet
& space vehicle is subjected to a severe heating load. This heat losd
is generally beyond that which can be withstood by effective structural
uaterials. Omwtocapaviththesitmticnﬁtmmofnnabh-
tive material vhich is effective in ingulating the structural material
against hest vhile undergoing thermal degradation in reradiating the
incident radiation, and in absorbing energy. Ablative materials are
applied to the exterior of temperature sengitive structures and meterials
to isolate them from the effects of their high temperature enviromment.
Interucticn vith the high temperature enviromment produces a ctmtrolled
erosion of the surfwos. The enargy sbsorption processes which take place
during the ablation of material from the surface reduce the surface
temperature of the vehicle and greatly restrict the flov of hest into
the vehicle structure.

The ablation of materials in high temperature enviromments is a
subject of great complexity. Initially the heat incident upon the sure
face of an ablating heat shield is absorbed and conducted into the
material. The heat penetrates at a low rate due to the lov thermal con-
ductivity of most ablative meterials. Thus, the surface temperature of
the ablator rises repidly until thermal degrmdation hegins. Many shlators
form a char residue on the surface. With the formation of this layer of
Tesidue, the primery region of thermal degredation grsdually shifts from
the char surface to the interior of the material beneath the char. The
nevly formed char structure remains attached to the underlying virgin



material and is retained there. The refractory nature of this char
protects the temperanture sensitive material from the high temperature
enviromment by reradiating a large portion of the radiastive hest.
Geseous products formed by the pyrolysis of the ablative material
move through the char layer and undergo s breakdown to lower molecular
veight products which are injected into the adjacent boundary layer.
Bach phase of the overall process of ablation contributes to the overw
all protectian provided by heet-ghield material.

A complete theoretical analysis with a particular ablator material
is impossible because of the many unknowns involved, and the great com-
plexity of the variocus processes which are carried out. The present
investigation has been carried out as a step in the effort to evaluate
the behavior of an ablator material in an equilibrium high temperature
enviromment. A powdered ablative material was placed in a shock tube
and observed spectrographically in the visible and near ultraviclet
regions of the spectrum as the material was exposed to the high tempera-
tures behind a reflected shock. The spectra were then snalyzed to
determine the products of ablation. A correlation between environment
temperature and thermal degradation of the ablative polymer was desired.
The sblator material tested was the silicone polymer Sylgard 182 menu-
factured by Dow Corning. It has the chemlcal form
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VI. REVIEV OF LITERATUHE

8ince this work is a combination of hydrodynamics and spectroscopy,
it is felt that it would be worthwhile to discuss developments in both
aross., Vielle was the first to demonstrate the effectiveness of the
shock tube as sresmrchtool‘inw. The present phage of interest
in the shock tube began with the second world war. The shock tube was
used initially as an intermittent supersonic wind tunnel for aerodynamic
testing. Ilater developments mede it possible to use the shock tube to
generate hypersonic flow (ref. 12). The shock tube was also used to
study real gas effects in & hot gas moving at a high speed (ref. 33).
Glsss and Hall give & detailed bibllography to the experimental and
theoretical papars and reports concerning shock tubes up to 1958 (ref. 11).
At present the shock tube is used to study nomequilibrium phenomens in
hypersonic fligiﬁ {ref. 7), hest transfer measurements {ref. 36), chem~
1cal reactions and resction rates (ref. 10), and boundary layer effects
(ref. 18).

From & spectroscopic point of view, the high temperature of the
gna behind the shock front in a shock tube provides an extremely powerful
facility with which to excite luminosity elther in the gas itself or in
the matter with which it interacts. S8pectroscopic analysis of the
luminogity has both alded serodynamic research and contributed to our
Iowledge of the chemicel physics of hot gases and to atomic and molecular
spectroacony. The shock tube can be compared at least qualitatively to

other more conventional spectroscopic sources such as furnaces, arcs,

»
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flames, sters, and discharge tubes. The diatomic band systems of

Co Swan, CN violet, CH red, CH, and OH, usually produced in arcs and
furnaces as well as observed in astronumical sources have been excited

in emission and abgorption by the passage of shock waves through gaseous
hydrocarbons. The spectrs closely resemble those produced in flames
(refs. B and 9). HNumerous observations have been made on the molecular
gpectra produced in emission by the shock excitation of air, oxygem, and
nitrogen. In this work, bands of the N, first and second pogitive system,
the NO7 system end the Op Behumann-Runge system are prominent (refs. 1k,
and 38). Quantitative as well as qualitative observations have been
made. Experiments by Wurster, Glick, and Treanor in absorption through
shock heated air and caygen have extended the 0, SchumanneRunge system

to include the {0,13) and (0,14) vands and have also given an integrated
absarption coefficient fram 2600 A to 2900 & for Op (ref. 39). Keck,
Cazm, Klvel, and Wentink have reported effectlve electronic femmbers for
the bands of Op Schumann-Runge, NOS, NO7, N, second positive, No first
positive, and Ho¥ first negative as a result of the shock exvitstion of
oxygen, nitrogen, and air {ref. 15). Doherty used the shock tube as a
source for the measurement of absolute spectral line strengths (ref. 6).
Wilkerson used the shock tube for the messurement of gf-values for lines
of neutral and singly lonized chromium (ref. 35). The fe-mmber for the
{0,0)-band of the GG —» 21 trensition wvas measured by lapp (ref. 17).
Bhackleford studied the spectrum of T4 I vhich wes emitted behind reflected
shock vaves in TiCly-Ar mixtures (ref. 32). High temperature atomic spectra
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arising from shock excitation of argon have been reported (ref. 30).
Line broadening and shift as a result of the Btark effect have been
obgerved for the hydrogen Balmer lines as a result of the high electron
and ion density behind the shock wave (ref. 3%).

The tempersture of the hot gas behind the incident shock over a
renge from 2000° K to 8000° K has been msasured by using the sodiumeline
reversal method {(ref. 5). Spectrographic rotational temperature measure-
ment on the (0,1)~band of the CN violet system bas provided a meens of
inferring a temperature without introducing temperature sensitive devices
such as probes into the enviromment (refs. 26 and 27).

Much of the work in shock tube spectroscopy has been mainly concerned
with the excitation of spectra by the passage of shock waves through gases,
but there have been complementary etudies ypon a number of aspecte of
the interaction of shock waves with a powdered solid. A vide range of
inorganic oxides, nitrides, hydrides, carbides, and sulfides have been
treated by this method. Parkinson and Reeves investigated the band systems
of T10, TiN, and Ba0 (ref. 28). The emission spectra of powdered meteorite
samples after interaction with a strong shock were compared with those of
meteors taken in flight (ref. 25). There was excellent agreement in the
shock excited spectra of meteorite specimens studied with the atomic
features reported in meteor spectra. This agreement is interesting when
it is recalled that metecr spectra from periodic meteors arise fram the
powder ablation from smwall fraglle porous solids. The spectra from several
shock excited organic arcmatic compounds were studied by Nicholls,
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Parkinson, and Reeves (ref. 23). The main features of these spectrm
were Cy, CN, and CH. No stomic features other than impurities were
noted in the spectra of shock excited organic campounds. The techniqus
of the excitation of spectra by the interaction of a shock wave and &
powdered solid shows promise of becaming & strong tool in the field of

spectroacopy.

A
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ViI. PRELIMINARY INVESTIGATION

The Structures Rea@h Division at langley Research Center has
wdertaken studies of the thermal degradation on the silicone polymer
Sylgard 182. Thepolymrmtheml]ydegmdedbyhmtingitﬂt;ha
small platinum coil. The decomposition took place in an inert belium
atmosphers. The temperature wus in the range of 1000° C. The gasecus
products formed were analyzed by s time of flight mess spectrometer after
separation by a gas chromatograph. The results show that Sylgard 182
degrades thermally into methane and a series of cycllic silicones.

An analytic investigation was conducted as a part of this thesls
to determine the equilibrium chemical composition of a mixture of gases
wswmlly found in & typicel shock tube run behind the reflscted shock
after tmnumummmlmumw into a gas.

The elemental composition considered wus made up of 0.99 mole frac-
tion argon, 0.006 mole fraction hydrogen, 0.002 mole fraction carbon,
0.001 mole fraction silicon, and 0.001 mole Mten oxygen. This
coposition would not be an unreascnable estimate of the conditions
epcountered behind the reflected shock in the shock tube although the
figure of 0.99 male frection of ergon is probably too small. The chemical
spocies ﬁﬂ.ch were considered were A, C, C2, C3, C-H,, CO, H, Hy, O, 81,
8ip, S1H, 810, CH, CHp, CHs, CEH, CoHy, COp, HCO, H0, Op, OH, SiH, and
810o. |

w9 o % - 3 PELNAN E YRR Y
tigaticn used & goncral IEM 70k oo 7000 computer program

for the computation of chemical equilibrium compositions developed by
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eleznik and Gordon. This progrem uses an iterative technigue to solve

the equations for the equilibrium conditions. The condition of chemical
equilibriun is that the free energy change scross a chemical resction at
a constant temperature and pressure is equal to zero

&Funy reaction = 9

This criteris for eguilibrium requires that the equilibrium constant be
known for each independent reaction comsidered. Then at a given pressure
and temperaturs, the composition of a reacting egquilibrium syatem can be
calculated 1f the initial composition is known. In the method of salu~
tion used in the IEBN progrem, the nonlinear set of equations developed
from the equilibrium consteants and the desired pressure and temperature
-nrereplgcedhyaaetofumreqmumobtdnedbyarwlorseriea
axpansion vhich neglects terms higher than the first order. The equilibe
riua compositions were then obtained by a Newton~Raphson {teretion. 8ee
references 40 and &) for a description of the program and the methods

ugsed in determining the equilibrium composition. Equilibrium conditions
vere calculated for the tempereture range of 3000° K to 6250° K and
pressure range of 1 atmosphere to 5 atmospheres. The program could be
used only to the teuperature of 6250° K. The results of this investigation

mney ahow
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VIIXI. OPEBRATION OF THE SHOCK TUBE

A shock vave 1is a sharp transition zone between two thermodynemic
states in a compressidble medium. A shock appears whenever a disturbdance
mthemumbemsmnrgatmttnem(momic)nmm
dissipate the ensrgy before the disturbed region expands by mass motion.
A shock is formed only by the compression of geees, and not by an expans
sion of a gas. The gas passes through the shock and suffers repid
pmsamaﬁdmaityigcmmmmgwsmhwgertm-
those encountered in acoustic waves. Explosions and fluid flow pest
objects at supersonic speeds are common ways of creating shocks, but the
sizmplest ghock phencmens is the plans wave produced in the shook tube,
vhich 18 & straight pipe of constant cross section. Many differeat types
of shock tubes are in use today, but the bmsis of operation is similar
for all.

A sinple shock tube consists of a cylinder of constant cross section
al divided into two sections by & gas-tight disphregn. The Ifirst section,
the driver chamber, contains e gas at a high pressure, p,, and the second
section contains the test gas at a low pressure, Py, vhere p, > p,.
When the diaphregm separeting the two sections breeks, a shock wave
travels into the driven section at a supersonic velocity. The compressed
gas behind the shock wave provides a high speed flov for aerodynamic
studies., When the shock vave reaches the end of the tube, it undergoes
amﬂmkimtomtisiytmiamﬁaryemﬁitimof V=0 at the wili.
This stationary sample of gas is now at a high pressure and high tempera~
ture and mey be salf-luminous. Figure 2 shows the ideal wave motlon in
a shock tube.
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A complete theory of shock tube flow can be constructed under the
assumption that the gmses are inviscid and undergo one-dimensional
motion. It 1s necessary to measure only the velocity of the shock wave
as it progresses down the tube and the pressure and temperature of the
gas in front of the shock to predict the temperature and pressure behind
the normal shock. It is assumed that the speed of sound of the ges in
the test section is known. Consider the schewmatic drawing of a normel
elock shown in figure 3. The conditions across the shock must satisfy

the three conservstion equations where the coordinate system is centered

at the shock
piVy = paVo mass
1
by + 2 V)2 = g + 2 VP eneray
Pt ;Vy2 = Pp + ppVo? momentun

and an equation of state for a perfect gas

p = pRT

From these equations the following fundamental shock formulas in

laboratory coordinates in terms of shock Mach mumber can be derived:

—
Vg 2+1\ M



vhere the Mach number M  1s defined as

E_Shockvelacity
a Bpeed of sound

o=

and where the shock velocity is relstive to the gas into which 1t ie
moving and the speed of sound is that of the gas into which the shock
is moving.

The gas temperature after the incident shock wave can be further
increased by reflecting the shock wave at the end of the tube as shown
in figure 2. If a shock 1s reflected from the end wall of the tube, the
gas temperature and pressure are increesed and the gas is brought to rest.
The reflected shock wave must produce an induced flow velocity in regiom 5

which is equal and opposite L0 Vp in order to bring the gas %o rest
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after the reflected shock. If Vi is the velocity of the reflected
shock vave, the Mach mumber ahead of the shock wave is

an“VR

L

From the induced velocity after a moving normal shock wave relationship,
the following equation is obtained:

S
8, y+1) Ma

Since the left side of this egquation is the flow Mach number after the

incident shock wawe, the reflected Mach mmber Mg can be dstermined as
a function of the shock velocity and the state of the gas in region 1.
The flow Mach number efter the incident shock wave is given by

2(Mg° - 1)

) a\[[{ms"’ -} o Z}T

The pressure ratio behind the reflected shock wave 1is

and the corresponding temperature ratio in the stagnamt reglon is
{mag - (7 - 1)} {(7 - 1ME + 21
5. <

Tp

(r + 1)2(!432)
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These ratios can aleo be uged to find

m,wmnsthewlocityofﬂwMuitmdmthetm,
and the pressure of the gas in the test section, one {s sble to predict
the pressure and temperature of the gas behind the normal snd reflected
shocks. The presence of a boundary layer may slter the aseumption of
ona-dimensional flow and cousequently the conditions behind the reflected
shock,

At high temperstwres real gas effects came into play. The diatomic
moleculas will becoms ewcited, dissociste, ionive, and form chemieal
compounds. A monstomic ges becomes ioniszed at high temperstures. ¥hw
perfoct gas sgquetion no longer holds, and it becomes necessary to upe the
real gas properties o datemmine the thermodynsmic properties and come
poeition of the gas. Tables of shock tube performance cansddering reel
s offects for argon are shown in reference ).

The shock tube used in this investigation was a modification of the
sinple shock tube. Ituawlmuthmtemmimxm
Gividad into three sections by diaphregms and is genserally referred to
a8 a buffered shock tube. The use of a buffer section offers a convenient
method of Lmproving the shock tube performance. The first section, the
driver chamber, contains a gns at a high pressure P+ The middle or
buffer section contains & gas at & lov presswre p . The third sectianm,
the driven section, contains gas at a lower pressure Py Wheve
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P, > P > Pio° When the diaphragm separating the driver and buffer
sectlion breaks, a shock wave travels into the buffer section. It bren.h.
the second dlaphragm upon contact. Another shock then moves down the
driven section at a high wvelocity. The ides)l wave motion in a shock
tube is shown in figure 4. The use of a buffered shock tube gives a
higher Mach number for a given pressure ratio p,‘/;pl because the hot
moving gas in the buffer section effectively becomes the driver for the
gas in the driven section.

The shock tube has several strong features to recommend its use ss
a spectroscoplic source. One of itas most useful features is the fact
that many different geses can be used ms the test gass, and cther materials
wbaphced;ntlumtoproducctmmmandmhculesdesm.
Another advantage is that the excited gas is usually easily accessible to
observation through windows or s transparent test section. A strong
feature also is the fact that the gas is considered to dbe in thermal
equilibrium and is at s relatively uniform tempersture wvhen compared
to conventional spectrographic sources such as the arc or sperk. Under
usual test conditions, the density behind the reflected shock is sufficient
to attain thermal equilibrium in much less than the test time. The
temperature can be more accurately determined by serodynsmic calculstions
than the temperature of an axrc or flame is known.

A disadvantage of the shock tube as a spectrographic source is its
short run time. The usuel run time 18 on the order of milliseconds vith
a maximm of perhape 5 milliseconds. This means that a fast film and
a spectrograph with large light gathering cepebility must be used to
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view the short burst of illumination. Anothsr disadvantage is the
cantamination from the walls, gas impurities, and heated diasphregn
particles. Special cleaning precautions and shutter mechunisms ave
often used to cut down on the level of contemination in the shock
tube gpectra.
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IX. DESCRIPTION OF BUXPMENT

mmmmwmu-mmumuytnnms.
The driven section of the shock tube wes made of 3.8-inch I.D. stainless
stesl poamless tubing 16 feet long. The test section wes alsc mede of
stainless steel and 1s 14 inches long. The buffer section was mde of
3+8+inch I.D. carbon steel seauloss tubing 8-1/2 feet long. The driver
section was made fram carbon steel 3.0 inches in diameter and is 24 inches
in length.

A stainless steel diaphregs 0.018 20,000 inch thick seribed with
& nArTov scribe so timt 0.010 20.001 inch of meterial remsined separeted
the buffer section frum the driven section, Two stainless steel diae
phvagas 0.050 £0.002 fnch scribed so that 0.032 $0.002 tneh of materisl
remained were msed $0 seperate the buffer section fram the driver ssction.
A}oimhmwmtmwuthedﬁm. All diaphregns
wore scribed with & circular tool to reduce stress concentrations et &
polnt. Pigure 6 shows a detall of the Maphrags and seribe.

Argon wag uied as & test gas because of its chemlcal inertness and
high moleculsr wedght. Air wms used in the buffer and driver sections

since it gave the desired shock strengtha.

MMMmemﬂwg&WM
quartz vindow at the end of the test section, It was found that the
spectra obtained looking along the shock tube axis hed less contamination

- v PR T O
than tha Spactra ghtainsd Ionoking in o ~tda codua . v hock iub

because of boundary layer effects. Thic is in agreement with results



obtained by Keck, Cmmn, Kivel, and Wemtink (ref. 15). A fused quarts
lens was used to focus the radistion from the test sectlion outo the
epectrograph slit. An eloectromagnetic shutter was used to limit the
spectrograph axposure to less than 1.5 msec after the normel shock
entered the test section. This shutter had an oparation times of about
70 usec fram complete open t0 complete closing. The shutter used the
electrammgnetic force developed by the discharge of & l-ul capecitor
through & coil to collapese & thin foll. The use of the shutter reduced
the contamination level cn the spectrographic plates considersbly by
cutting out the rediation dus to heated diaphregm particles coming dowm
the tube after the wseful run time. The flguwre of 1.5 mesec for the
shutter closing polnt menticned earlier was chosen bocause of the langth
of the test time as ahown by preasure recodds. The rediation intensity
in the test section was viewsd with a phototube through one of the side
vindows. This measurement gave a correlstion between the pressure and
intensity data. A sample output is shown in figure 7.

The initial pressue in the driven section wes neasured an & thermoe
couple gage calibrated in argon. The Initial pressure in the buffer
section and the high pressuwre in the driver section wers neagsured on
strain gage disphregn type yressure transducers. 7The pressure mesmurement
systcm far the absolute gas pressure behind the reflected shock consisted
of & plezoelectric Elstler Sl quarts trmpeducer, and & Kistler charge
splifier used with & short time constant. The trensducer was mowated
4o the wall of the test section 5 inches from the end of the test section.
A force egainst the face of the quarts transducer wme transmitted to the
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internel prestressed quartz crystals and induced a charge across the
electrodes attached to the crystals. A coaxial cable comected the
emmmtmwmmmmummmwmm
mtemlimdwneofthtmducertotmwthommm
and to convert charge to voltags. The high impedsnce of the quarts
cmmmmmwmmbecaubmummmm.
Pigure 7 shows pressure record.

smcksmmmbymmdm1mmzﬁwm
Mchimimtedmxmmtwabymofuwkbmm
the gep as the shock pessed ty. The macinun sensitivity wes achisved
by setiing the voltage across the lonivation gap as high as poseible
without spontaneous triggering. The icnization gap output wes recorded
@ an oscillosogpe with a rester timer 10 yleld the shock trsvel tims.
The raster timer was used to provide a better scale for the messurement
of the shock arrival times. Figue 8 shows a sample output ss taken
from the ascilloscope. The valociLy of the shock was sesumed to be cone
stact as 1t moved inko the test section. The Jonimmtion gaps were also
used to provide a irigger pulse for the electramagnetic shutter and to
medmmmwtwmwmmwm
the test section.

In order to study the short duration flash of luminosity a spectro-
greph of conpidersble light gathering power was necessery. An £/6.3
Jarrell Ash large sperture plsce grating spectrogreph which used & Vastls
pounting was used to recod the spectre. Figwe 9 shows the optical path
in this spectrograph. The spectrogreph used & fixed alit of 40 microns in
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width and 15 mm high. The use of any narrowar slit reduced the
intensity to an impractical level. The grating has a ruled area

of 102 x 102 mn with 600 grooves/mm. ‘.ﬂ)elinearaisperﬂicnisw-ﬁglm
in optimue position. The total wavelength renge covered with each
settingofthespectmgraphmabmxh‘mx,mdmminm
focus. At the optimumm position, the speotrograph can resalve lines
thet are 0.4 A apart. Kodak 103-F and Eodak 1030 plates were used
bectuse of their swperior apeedvtorem'hheshwkemitedm

A filter was mounted in fromt of the film plane to cut out second order
spectra.
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X. OPERATING PROCEDURRS

The driven section of the shock tubs was yumped down to about
10 microng before each rum wsing & mechanicel vecuum pazp and & liguid
nitrogen cold trap. Argm was bled in to approximetely atwmospheric
rresaure and the drivem section again pumped down to 10 microns. Severml
mingtes before the run argon was btled in to the desired cpersting
pressure, usually aboub 20 mn Hg. The leak rate was lov enocugh so thet
ummmeetmmormmmmdnmmmm
the fev minubes before the rwm. The driver and buffer pections vere
pumped down to about 1.5 ma Hg with & smell vacuum pump. After the
tuffer section vas pumped dowmn, the pumps ware isolated from the system
preasiure was rasched, usually on the order of 2 pst. After all the
vacum mups were lgolated and comditions fixed in the buffer and driven
sections, the driver section vas prescurised. The driver section was
brought to & final presswre of 100 atzmospheres of aire At the same
time, the voluxe between the two diaphregms which sepmrated the dviver
and buffer section was pressurized to 50 atmospheres with air. The
presgure between the two disphregus wos suddenly lowered to atmospheric
mt&ms@t%mﬁ&%tmwmmm
Puaragns causing both diaphragme to break. A shock vave then progressed
dowm the tube.

wbdon o tegt section wvere cleanad hebtucsn aasch wmm

W e W VS e WA WCWRRE R W W

using a cloth soaked in trichloroethylene and then wiped with a clean
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dry linte-free cloth. The use of an exacting cleaning procedure was
found to be necessary to cut down the contamination in the spectra.
The buffer section was cleaned with a cloth sosled in trichlorcethylens.

The solid ablator material was powiered by using emery paper under
ligquid nitrogen to get the amall particles. The material was cleaned
in an acetone bath after being powdered to remove any foreign matter.
The particle size ranged fram 1/100 to 1/10,000 of an inch in dlameter.
The smell particles tended to stick together making the value of any
measurenent of particle size mather doubtful.

Several methods were tried to position and hald the material in
the tube. The bast method found was to put the powder on a 1/2«inehs
wide ptrip of Kleensx which vas hung in the tube about & foot from the
window, wmm'wmwmmwmtm. he
powder would not cusily sdhers to the Kleenex so it was necessary to
put soveral drops of clean scetone on both the powder and the Keenex.
m_mmw,atmmamrmunmm
surface. The acetane also tended to break apart the swell particles.
The Keenex was placed in the test section so that the powdsr was
the upstream side. Beveral runs were mads with culy the plece of
Klsenex with acetons on it in the tube to determine the affect of Keenex
and acotons on the contaminstion level of the spectra. The HNa and Ca
lines were the only impurities recorded from the Kieenex.

The spectrographic nlates were developed in & completely darkened
roc in Kodak Del9 developer. The development time was as recosmended
by Kodak for the temperature of develaper st the time. The plates were
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wshed in water before being fixsd for 2 minutes in Eodak repid figer.
mmmmwmmhmammmﬁm
solution.

The photogrephic demsity of the spevtrographic plates vas meesured
vith 8 recording microdensitometer. The trensmission of ammll film
arcas was measured by means of & photamultiplier which sets in the
imege plane of a microscope. The £1lm lay in the object plane and
vas 1lluminated from behind by s etosdy light source. The film was
moved st & uniform rete perpendicular to the optic axis, and the photo-
miltiplier signel was simultansously recorded on moving psper. The
tracing then represented the variation of photographic density slong
the direction which the film §s moved, These trecings wers then used
for s wavelength calibretion of the plate,
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XI. RESULNS

Intheﬁntmmmsmem-tmmmmnemu
& test ges. 8ince the Mach tumber used was alwkys below 7, the intense
W&WWWW}eWB&GXﬁfM%MWW
the excitation of copper, iron, magnesium, caloium, sodium, titanium,
and chromium from the walls of the tube, The lack of argon redistion
was due to 1ts resonance potential of 4.3 ev beilng much higher than
the temperature in the tube, For axample, Ca has & resonance potential
of 5.0 ev. Repeated cleansing and palishing, coutinued use of the tube,
and the use of an elsctromegnetic capping shwkter reduced the impurities

Figure 10 shows the conditicns for esch run. There was a large
discrepuncy between the calculated pressure Py behind the shock and
the measured preasure. wmmmwaﬁmmm.
Mark describes the interection of s reflected shock wave with the
boundary layer in & shook tube in reference 19, His aoalysis and results
shov that the messure behind a reflacted shock wave will be lower than
tmm:cmmmo@nmctmmmwtmmmmumorm
reflected shock wave and the boundary layer. The pressure drop behind
the ehock would bocome larger as the shock moved further sway from the
wall, This effect is sbown on the sample oubput on figure 7. The gage

b hand £ 2 Prapmee & A 4--&.-“- A [ N SRy ¥ Y I
- mnjaah.‘\‘“ hmc“ be t2:t & .“4';&‘ .-t"

the boundary layer could have a large effect. Immediately afber
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reflection fras tha end wall the boundary layer effect is sunll. The
boundary layer would also tend to lower the tempersture behind the
reflacted shock. The spectrograph alit was focused at & point Just
inside the window so the initial conditions after the reflected shock
could be deterninad by & one-dimensional flow analysis. An sttompt was
mede to determine the rotatiooal tesperature from the (0,1)-~band of
the CN vialet system as in refarence 25, but the band structure ws
generally not well enough defined to maks thils a usabls technigue.

Figures 11(a) and 11(b) show the visible spestre from 3500 &
weﬁwﬁmmammmmzm. Pigure 11(b) also shows
& run vith just Kleenex. Figures 11(c) and 11(a) show the near ultese
violet spoctrum from 2400 & to 400 A also in order of incressing
tenpersture. The identificstion of the excited lines and beands wes
mde from references 20, 21, 22, and 29. The impurities in the ahock
tubs served as & reference gpoctrs §o it was umnecessary to use amy
other reference such as an irvn arc. Figuwre 12 shows a spectra vith
the lines idemtified and the wavelengths tabulsted.

The spectras resulting from the decomposition of the Sylgerd wers
Cp Swen bands, € X, and 8iX. The C I line was excited only at the highest
tempersture. The spectra of hydrogen, oxygen, carbon monaxids which
wwwwmmmmma@u&bﬁmmum
{(fig. 1) were not sesn becsuse their excitation potentials are too high
for the temparatures encowntersd in these tests.
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At the lowest temperature at which tesis were conducted
(5000° X), the main features of the spectre were the Cp Swan bend,
& fow rather weak silicon lines and the CN bands vith & continuous
background. The contimious background wes probebly due to particles
mhmmatmmmrthWthm
much &8 & black body. he level of ionization wes so low that the
continumn could not have been due to fres-free or fres-bound alectron
transitions. Nicholla, Parkinson, and Reeves report a similar come
tinmm in reference 23. The rediation from impurities was low &b the
low temperatures.

Attmhmrmtw,tmsuumwwmm,
tmcemwmmww,mmamm
SLYONERT. e level of redistion contmmination ves higher then &t
the lover tespersture range. At the highest terpersture tested the
¢, bends hed nearly disappeared; a strong carban lins appeared &t
2478.6 & and the B1X 1ines becsme much stronger. The radistion due
to impurities had also incressed. The disappesrance of the Cp bend
Wmmmeaammmumm-w
whﬁthtmhhmmﬂibrimcmiumm&nﬁmlu ki
mmammmmemmmmm
the pump-down procedure used. Bo sttenpt was made to account forr the
presence of CR in the &pecira.

mmswmormmmmmmmm
shock tube was not known. It seems mogt probsble that passing through
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theshockmvemadamlemﬂumrtobemted. This
mlachq:or,pMyinthefomofmthsmwdem
W,WWMMWWWWMGM
noted in the spectra. This mechanism seems Justified in view of the
fact that Sylgard bas & rather lov hest of vaparization.
@hepcmredabmtwmteﬂumcmadmappmmcem
aﬁemwmmﬁ’smammtmwpemmlmmm
behind the reflected shock. The particles changed in color from a
white before the run to & gray afterward. The ablator residue becams
daxkarwthetmratmmimm&edmtheshocktm. The
Miﬂaammomhmmmmuwtostmmgeb&r
as thay d1d origloally. The change in the color of the residus was
meammmwmmm.
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X1, CONCLUDING REMARKS

The luinosity resulting from a shock excited ablator matarial
was investigated spoctrogrsphically to determins the products of
ablation, The ablating material tested was a silicone palymer
Bylgard 192 vhich has the form
—

o ]
8'1-»0

Sl

n

The powler ablator material wme exposed to the high temperatures
behind a reflected shodk in a buffered shock tubs. The tempersture
range investigated vas from 5000° K to 10,000° K. The resultent
Mmm.mmtmmumummmmmmor
WWMMXtamx.

The only products of ablation which produced sufficient luminosity
tobeammt&metrmph&cﬂatumcl,m,lmce. At tha
lower temperatures tegted, the Co Swen band was the most sypmrent. As
the tempersture was incressed, the relative intensity of the Bil linea
increased. The intensity of the Cp Bwen bands decreased with
increasing temperwture in agreement with the theoretical equilibrium
caposition of the ablator meterial in an inert argon atuosphere &t
s high tempersture. At the highest terpersture range studled, the
€ X line appeared.
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This investigation has shown that the technique of shock
excitation of a powdered solid can be applied to the study of
ablator materials. This technique csn be used effectively to
determine the products of ablation of a particular material in
a high temperature environment.
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Figure 1(a).- Equilibrium gas composition of an elemental mixture
of 0.99 A, 0.006 H, 0.002 carbon, 0.001 Si, and 0.001 O.
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Figure 6.- Diaphragm and scribe.
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Figure 12.- Shock excited spectra.
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Figure 12.- Continued.
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Figure 12.- Concluded.
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SPECTROGRAPHIC INVESTIGATION OF A SHOCK
EXCITED ABIATIOR MATERIAL
By
Roger D. Bengtson

ABSTRACT

The radiation resulting from a shock heated powdered ablator
material was investigated spectrographically to determine the products
of ablation. The ablating material tested was e& silicone polymer,
Sylgard 182, manufactured by Dow Corning, which has the form

B?.OO
“CBB Jn

The powdered ablator material was exposed to the high temperature behind

r

the reflected shock in a buffered shock tube. The temperature range
investigated was from 5,000° K to 10,000° XK. The resultent rediation
wvas viewed in the near ultraviolet and visible regions of the spectrum
from 2,400 £ to 6,600 8. The only products of ablation that produced
sufficient luminosity to be seen on the spectrographic plates were C I,
84X, and C,. An enalytic investigation was also carried out which
determined the equilibrium chemical composition of a mixture of gases
found in a typical shock tube run behind the reflected shock.



